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Preface

A 1383 m by 122 m vertical strip drain test section was completed in February, 1993 in the
north compartment of the Craney Island Dredged Material Management Area. The test section
was constructed to evaluate the effectiveness of prefabricated strip drains in consolidating the
dredged fill and underlying foundation clay, and thus increasing the storage capacity of the
facility. The feasibility of installing strip drains was questionable since drains had never been
installed in an active dredged material management area, a drain length of approximately 50 m
was close to the longest drain ever installed, and the installation equipment had to operate directly
on the surface of the soft dredged material. Tt is anticipated that the strip drains will continue to
fimction as additional dredged material is placed in the management area, and thus increase
storage capacity in the firture. A supplemental study by the Principal Investigator will address the
use of strip drains beneath exterior perimeter dikes to improve existing stability conditions.
Preliminary results show that the dredged fill and foundation clay are undergoing substantial (1.3
to 2.5 m in 25 months) consolidation settlement. In summary, prefabricated strip drains appear to
be an economical technique for increasing the storage capacity of dredged material management
areas.

This research was conducted for the US Army Engineer Waterways Experiment Station
(WES), Vicksburg, Mississippi and the US Army District, Norfolk (CENAQ), Norfolk, Virginia
during the period August 1992 to October 1995. The research was performed under Contract
Numbers DACW 39-92-M-6666 and DACW39-94-C-0017 between WES and Dr. Timothy D.
Stark, an Associate Professor of Civil Engineering at the University of lllinois at' Urbana-
Champaign. Dr. Stark supervised the research and wrote this report. Mr. Thomas A Williamson,
a Graduate Research Assistant at the University of Illinois at Urbana-Champaign, assisted with the
analysis and data reduction.

General supervision in the Geotechnical Laboratory (GL), WES, was provided by Dr. Jack
Fowler, Soil Mechanics Division (SMD), Mr. W. Milton Myers, Chief, Engineering Group, SMD,
Dr, D_C. Banks, Chief, SMD, and Dr. William F. Marcuson, III, Chief, GL.

General CENAOQ supervision of the study was carried out by Mr. Sam McGee, under the
guidance of Mr. Ronn G. Vann, Chief, Dredging Management Branch, Mr. Thomas C. Friberg,
Chief, Operations Section, and Mr. James N. Thomasson, Chief, Engineering Division. Technical
information was provided by Mr. Matthew T. Byrne and Ms. Yvonne R. Gibbons, Geotechnical
Engineering (GES), CENAO and Mr. David A. Pezza, Chief, GES, CENAO.

At the time of publication of this report, Director of WES was Dr. Robert W. Whalin.
Commander was Col. Bruce K. Howard, EM.



Conversion Factors
Non-SI| to SI Units of Measurement

Non-SI units of measurement used in this report can be converted to SI units as
follows:

Multiply Bv To Obtain
cubic yards 0.76456 ' cubic meters
cubic fes 0.28317 cubic meters
square feet 0.0529 square meters
square inches 6.452 square meters
feet 0.3048 meters
inches 2.54 ceniimeters
inches 0.0254 meters

miles 1.60933 kilometers
pounds 4 482 newtons

tons 8.896 kilonewtons
pounds per sgaure foot 47.88 pascals
pounds per square foot 0.04788 kilopasczls
pounds per square inch 6.895 kilopasczls
tons per square foot 93.76 kilopascals

tons per sqaure foot 0.976 kg/em®



| INTRODUCTION

Background

The Craney Island Dredged Material Management Area (CIDMMA) is a man-made 10
km? site with a storage zrea of approximately 8.9 km? (Figure 1). Planned in the early 1540's,
construction of Craney Island began in Auzust 1954 and was completed in Jammary 1957, Craney
Island is the long-term management area for material dredged from the channels and ports in the
Hzmpton Roads area  The CIDMMA is located near Norfolk, Virginia, in Portsmnouth, Virginia.

Dredged material has been placed in the management area almost contimuously since it
was completed in 1957. The original design was for an imitial capacity of about 76.4 million m> at
an annnal dredging rate of 3.1 to 5.4 million m>. Based on an anmuzl dredging rate of 3.8 million
m3, Craney Island was designed for 2 service hfe of approximately 20-years (1957 to 1977).
Contimied dredging in the Norfolk channel has required the capacity of Craney Island to be
increased through three major dike raising efforts. The initial dike reising from EL +2.4 to EL
+5_2 m Corps of Engineers Mean Low Water (CEMLW) occurred around 1974 with the second
mcrease to El +7.9 m around 1980. CEMLW is 0.6 m below National Geodetic Vertical Datum
1929, 1972 Adjustment, and 0.2 m below MLW (National Ocean Survey). It should be noted
that the water depth at the time of construction was approximately 3.1 m. The US Army
Enginesr District, Norfolk (CENAQ) is currently raising the perimeter dike system based on
recommendations presented by Fowler et al. (1987). The west dike is being raised to EL +104m
(+34 ft) CEMLW but this raising required the placement of a 305-meter-wide underwater stability
berm along the outer toe of the dike (Figure 2) to ensure stability. The perimeter dike in the
northwest corner is being raised to EL +10.4 m (34 ft) CEMLW (Figure 3) using a dike setback
of approximately 137.3 m (450 f£). The north and east perimeter dikes are being raised to EL
+12.2 m (+40 ft) CEMLW with setbacks from the dike perimeter road of 128.1 m (420 f£) and
137.3 m (450 ft), respectively (Figures 4 and 5). Dike setbacks have resufted in approximately
0.1 k2 to 0.2 km? of lost storage capacity during each dike raising. Figure 1 shows the location
of these dike cross sections. Afier the third raising is completed, the perimeter dikes will be at
their macimum height without inducing foundation mstability.

Using plans developed by Palermo et al. (1981), interior dikes were built within Craney
Island to create three containment areas (Figure 1) that would improve sedimentation in the
compartment being filled and allow the other two compartments to desiccate and consolidate at a
faster rate. Desiccation will be accelerated by the removal and/or evaporation of surface water,
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and will increase the amount of consolidation becanse the effective unit weight of the soil
increases as the pore-water evaporates. Construction of the interior dikes was completed in 1583,
and the dredged material management plan (Palermo et al. 1981) was implemented in 1984
starting with the center compartment. The management plan has resulted in each compartment
being filled approximately every third year. On the average 3.1 to 3.8 million cubic meters of
dredged fill is placed in 2 compartment each year. This results in an annual increase in dredged fill
thickness of 0.9 mto 1.8 m in the compartment being filled. Ifthe site was not subdivided, the
anmual increase in dredged fill thickness would be approximately 0.3 m to 0.6 m (Szelest 1991).

The Environmental Taboratory at the US Army Engineer Waterways Experiment Station
conducted an extensive consolidation and desiccation analysis to predict the remaining service life
of the CIDMMA (Pzlermo and Schaefer 1990). This siudy utilized the finite strain consolidation
microcomputer program PCDDF (Stark 1991; Stark and O'Mezra 1991) and revealed that the
current capacity of Craney Island will be exhausted around the year 2000. As a resuit, CENAO
began investigating new techniques for increasing the storage capacity of the CIDMMaA

Alternatives for Increasing Storage Capacity at Craney Island

Studies by Fowler et al. (1987) showed that the perimeter dikes are at their maximum
height due to the current undrained shear strength of the soft marine diay foundation (Figure 6).
However, if the undrained shear strength of the dredged fill and underlying marine clay was
increased through consolidation, the perimeter dikes could be raised again. In addition, the
increase in shear strength would probably allow the dikes to be raised without setbacks or
stabilizing berms. The time required for this consolidation and strength gain is substantial, and
thus would not alleviate the short-term storage problem.

An extensive study was conducted by Spigolon and Fowler (1987) on the feasibility of
expanding the CIDMMA. Six expansion configurations were considered but the 1991 the
Virginia State Legislature ruled that Craney Island could not be expanded or replaced at the
present time. Therefore, the feasibility of restricting the usage of the CIDMMA to placement of
unsuitzble dredged material and ocean placing the snitable material was investigated (Myers et al
1993). Themstafocﬁnplacmmﬁszppmﬁmamlyﬂiﬂpﬁﬁwhﬁeasphmemhﬂ:e
CIDMMA is about S1.20 per m> (Szelest 1991). CENAQ is dredging at a rate of approximately
3.8 million m3 per yr. Therefore, the difference between placement in the CIDMMA and ocean
placement is approximately $44.8 million per yr. In addition, the environmental impact of ocean
placing such a large quantity of dredged material would require substantial study. As a result,
additional alternatives for increasing the storage capacity of the CIDMMA were sought.

]
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Recently installed piezometers in the perimeter dikes at the CIDMMA (Stark 1995)
revealed that large excess pore-water pressures exist in the marine clay. It can be seen from
Figures 2 through 5 that the excess pore-water pressure levels in February 1991 exceed the
ground surface elevation by 7.5 m in some locations. The dissipation of these excess pore-water
pressures would result in substantial consolidation settlement, and thus increased storage capacity.
In addition, consolidation of the marine clay and dredged fill would cause a significant increase in
the undrained shear strength of these materials. This would allow the perimeter dikes to be
constructed to higher elevations without setbacks or stability berms.

The time required for 90 percent consolidation to occur can be estimated using the one-
dimensional consolidation equation (Terzaghi and Peck 1967):

0848*H>
DR

6h)]

where Hyg; is the maximum length of vertical drainage path and C; is the vertical coefficient of
consolidation. This equation shows that the time required for consolidation is controlled by the
coefficient of consolidation, that is, permeability, of the soil and the maximum vertical drainage
length that water must travel to exit the soil deposit. Since altering the permeability of a soil in
situ is not practical, techniques were sought to decrease the drainage path to accelerate
consolidation.

Use of Prefabricated Strip Drains to Increase Storage
Capacity

Figure 6 shows the generalized subsurface profile at the CIDMMA. It can be seen that the
average surface elevation of the dredged fill is +7.3 m CEMLW and the thickness of the dredged
fll is about 13.5 m. The thickness of the marine clay is 24.8 m, and thus the combined thickness
of the dredged fll and marine clayis 382 m. Since the site is doubly drained, the maximum
vertical drainage path to either the top surface or the permeable sands underiying the marine clay
is 19.1 m. It should be noted that the thickness of the marine clay varies throughout the site. For
example, in the north compartment the marine clay is approximately 33.6 m thick, that is to EL-
36.6 m, where an old river channel is located. The strip drain test section, described in Part 3 of
this report, was located above this old stream channel, and thus the maximum vertical drainage
path in this area is approximately 23.6 m. This location was obtained based on the furthest
westward reach of a dredge pipe to create the sand blanket in the test section The channel also



dominates the majority of the north compartment. For illustrative purposes the marine clay will
be assumed to be 24.8 m thick. Recent piezocone penetration tests in the north compartment
described herein suggest that the underlying dense sand and silty sand are permeable, and thus the
site is doubly drained.

Figure 7 shows that the installation of vertical strip drains will result in radial flow as well
as vertical flow. The strip drains are installed through a 0.6 m sand working platform into the
dredged fill and marine clay. The spacing of the strip drains in the test section is 2.2 m, which will
be described subsequently. Strip drains reduce the maximum drainage path to one-half of the strip
drain spacing, that is, approximately 1.1 m, instead of one-half of the compressible layer
thickness, that is, 19.1 m (Figure 6). This reduction in drainage path is extremely significant since
the time rate of consolidation is a fimction of the length of drainage path squared (Equation 1).
Therefore, the installation of vertical strip drains will result in a substantial reduction in the time
required to consolidate the dredged fill and underlying marine clay. This will yield a rapid
increase in storage capacity and undrained shear strength of the dredged fill and marine clay.

It was proposed that strip drains be installed throughout the placement area and
subsequently the perimeter dikes (Stark 1995). The strip drains will consolidate the dredged fill
and underlying marine clay in the placement area, which may permit fisture development of this
site. Installing strip drains in only the perimeter dikes would be less expensive and may also result
in more settlement becanse of the additional surcharge applied by the dikes. The strip drains
would accelerate consolidation of the marine clay underlying the perimeter dikes and allow the
dikes to be constructed to higher elevations. However, the strip drains would not consolidate the
placement area and thus not reduce the elevation of the placement area. CENAO is interested in
consolidating the placement area because it may create opportunities for firture development of
the site, and possibly the construction of a new placement area. If consolidation of the 8.9 km?
placement area is not economically feasible, strip drains may be installed in only the perimeter
dikes. However, rip-rap and debris, long settled and submerged in the perimeter dikes, may
restrict or prohibit installation of strip drains. A supplemental investigation by the Principal
Investigator under separate cover will investigate this option.

10
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2 VERTICAL STRIP DRAIN
TECHNOLOGY

Background

Daniel E. Moran first proposed the use of vertical sand drains as a means for deep soil
stabilization in 1925, and he received a 1U.S. patent on the concept in 1926 (Johnson, 1970). In
the last 10 to 15 years, vertical strip drains have replaced conventional sand drains as the
preferred method to accelerate the consolidation of soft cohesive soils. This is primarily due to
ease of installation, higher flexibility and reliability, less environmental impact, and reduced cost of
the strip drains. Most vertical strip drains are modeled after the cardboard strip drain developed
by Kjellman in 1948 (a,b). Strip drains are band-shaped and have a rectangular cross section of
approximately 10 cm wide and 0.4 cm to 0.5 cm thick. A plastic core with grooves, studs, or
channels is surrounded by a filter fabric. The filter fabric is most commonly a nonwoven
geotextile. The plastic core carries the excess pore-water to the ground surface and/or the
underlying drainage layer, and the filter fabric keeps soils particles from entering the core.
Vertical strip drains have been used to accelerate consolidation of soft cohesive soils in many
projects throughout the United States, including the recent expansion of the Port of Los Angeles
(Facob et al, 1994), the Seagirt project in Baltimore Harbor (Koemer et al, 1986), the
construction of dredged material containment areas in the Delaware River near Wilmington,
Delaware (Koemer and Fritzinger, 1988; Fritzinger, 1990), and the New Bedford Superfund site,
New Bedford, Massachusetts (Schimelfenyg et al, 1990).

Vertical strip drains are easily installed using equipment (Figure 8) that exerts a ground
pressure as low as 20.7 kPa to 34.5 kPa. The installed cost of strip drains is usually $1.30 to
$3.30 per lineal meter depending on the quantity of strip drains installed. In contrast, the installed
cost of conventional sand drains is $11.50 to $21.30 per lineal meter. The time required for
consolidation of the dredged fill and foundation clay is controlled by the spacing of the strip
drains. Therefore, value engineering can be used to determine the optimal spacing of the drains to
produce a certain increase in settlement, that is, storage capacity, in a specified time.

The strip drains arrive at the site in large rolls and are installed using a hollow mandrel.
The end of the strip drain is threaded down the inside of the mandrel, which must be as long as
the depth to which the strip drains are to be installed At the bottom of the mandrel, the strip
drain is threaded through a base plate and the end of the drain is inserted into the mandrel (Figure



Figure 8.

Typical Strip Drain Installation Equipment
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9). The base plate is used to keep the strip drain at the bottom of the mandrel during installation,
to prevent soil from entering the mandrel during the insertion process, and to keep the strip drain
at the desired depth as the mandrel is withdrawn. When the mandrel is withdrawn from the
ground, the strip drain is cut, and the process is repeated at the next location. This insertion cycle
mrzp;d(ltuEmmuiﬁdependmgunmsemuud&pth)mdnﬁysmpdmms,bmphms,anda
drain cutting tool are required.

At the CIDMMA it is anticipated that strip dramns will be installed in one compartment
while the other compartments are used for placement and desiccation. After the strip drains
accelerate consolidation in the first compartment, this compartment will be used for placement
while strip drains are installed in another compartment and the third compartment undergoes
desiccation to support the strip drain equipment. It is anticipated that installation of strip drains
will contimue until strip drains have been installed in all three compartments.

The length of the strip drains will vary in each compartment with the longest strip drains
(approximately 45 to 50 m) being installed in the north compartment where an old river channel is
located. A number of contractors, e.g., Joiner (1991), have installed vertical strip drains to similar
depths. For example, 36, 40, and 43 meter long strip drains were recently installed in New York,
Utzah, and Connecticut, respectively (Joiner, 1991). However, strip drains have never been
installed in an active dredged material management area. As a result, existing strip drain
equipment had to be modified to reduce the ground pressure to less than 10.3 kPa to successfully
operate on the soft confined dredged material In addition, a vertical strip drain length of 45 to 50
m would be close to the longest drain ever installed (less than 60 m). One of the main objectives
of the strip drain test section was to investigate the feasibility of installing 45 to 50 m long strip
drains from the surface of confined dredged material s

Vertical Strip Drain Design Theories

The design of vertical strip drains is generally based on the theoretical solution for radial
consolidation developed by Barron (1948) in which the drains are assumed to be of infinite
permeability. Hansbo (1979 and 1981) simplified Barron's solution and accounted for well
resistance and the effects of smear cansed by drain installation (Figure 10). It can be seen that the
degree of consolidation is a function of G and F(n,s). The variable G describes the effect of well
resistance on the rate of consolidation and F(n,s) describes the effect of the smear zone. The well
resistance is controlled by the influx of water to the strip drain and the flow along the drain.
Therefore, G depends on the drain diameter, drain spacing, and the maximum drainage length of
the strip drain. When strip drains are installed, the soil adjacent to the drain is disturbed and a
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Figure 10. Strip Drain Design Theory Presented by Hansbo

(1981)
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where Uy avemgad&gmeof consolidation for radial flow;
t = time;

Cp = horizontal coefficient of consolidation;
da = sphere of influence of the strip drain (triangular pattern = 1.035 where
S = strip dr=in spacing);

E
d. = equivalent strip drain diameter = = O~ D
F
b = width of strip drain (typically 0.305 - 0.328 ft, used 0.31 fi);
1 = thickness of strip drain (typically 0.01 - 0.013 fi, used 0.0115 ft);
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W

F(n,s) = term describing smear Zones;

5 =mﬁnnfsmmrmnediametﬂrtudraindiamater=—:5
W

dg = outer radius of the smear zone;

Kn = horizontal coefficient of permeability of the undisturbed soil;

K; = horizontal coefficient of permeability of the smeared soil;

Ky = coefficient of permeability of the strip drain;
G = term describing well resistance;

q. = discharge capacity of strip drain = ’%d:K
l; = maximum drainage length of strip drain.



Figure 11. Strip Drain Design Theory Presented by Lo (1991)
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where TUp = average degree of consolidation for radial flow;
t = fime;
Ch = horzontal coefficient of consolidation;
da = sphere of influence of the strip drain (triangular pattern = 1.058 where
S = strip drzin spacing);
: SEReT 2*b +1)
d_ = equivalent sirip drain diameter = ——
4
b = width of strip drain (typically 0.305 - 0.328 ft, used 0.31 fi);
1 = thickness of strip drain (typically 0.01 - 0.013 ft, used 0.0115 ft);
n =rannnfdxaindiameters-—dqe~
W
F(n,s) = term describing smear zones;
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w
dg = guter radius of the smear zone;
Ky, = horizontal coefficient of permeability of the undisturbed soil;
K = horizontal coefficient of permeability of the smeared soil;
Ky = coefficient of permeability of the strip drain;
G = term describing well resistance;

q. = discharge capacity of strip drain = %di K_

Im = maximum drainage length of strip drain,
Hyr = maximum drainage length of vertical drainage path.



3 FIELD TEST SECTION AND
SUBSURFACE INVESTIGATION

Field Test Section Objectives and Layout

A 183 m by 122 m field test section was constructed, instrumented, and monitored to
evaluate the effectiveness of prefabricated strip drains in consolidating the dredged fill and marine
clay in the CIDDMA. The test section was constructed in the north compartment of the
CIDMMA because of the presence of a well-developed desiccated crust (Figure 12). The north
compartment also requires the longest drains, which will provide a good evaluation of the strip
drain equipment and a comparison between measured and predicted effects of smear zone and
well resistance. The vertical strip drain test section consists of two areas (Figure 13). The mam
area is 152 m by 122 m and is covered with 2 0.6 meter thick sand blanket to promote surface
drainage and support the installation equipment. The vertical strip drains were pushed through
the sand blanket to the underlying dense sands (Figure 14). It can be seen that the bottom of the
marine clay is located at El -36.6 m CEMLW because of the presence of an old river channel.

The mobility test section is 30 m by 122 m and utilizes prefabricated horizontal drains to
promote surface drainage. The main objective of the adjacent mobility section was to determine
whether or not a sand blanket is required to install vertical strip drains throughout the remainder
of the management area. As a result, the 15 em to 30 cm thick desiccated crust in this area must
support the installation equipment. The vertical strip drain equipment was required-to exert a
ground pressure that would enable the equipment to operate on the desiccated crust. It was
anticipated that a maximum ground pressure less than or equal to 10.3 kPa would be required to
operate on the crust. Installation of strip drains in the test section commenced on 21 December
1992 and terminated on 26 February 1993. The drains were installed in an east to west direction.
After the last drain was installed at the west end of the mobility section, the equipment turned-
around and returned to the east end of the sand blanket installing strip drains along the way. The
equipment repeated this east-west and west-east movement until 21l of the strip drains were
installed.

The vertical strip drains in the mobility section are connected to horizontal strip drains on
the ground surface. The horizontal strip drains are 30 cm wide and 2.5 cm thick. Each vertical
strip drain is connected to a horizontal strip drain to promote drainage to the surrounding
perimeter ditch. Figure 15 illustrates the connection of 2 vertical strip drain to a horizontal strip
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drain. Horizontal strip drains are being used to evaluate their effectiveness in conveying water
from the test section to the surrounding perimeter trenches and their ease of installation. I the
horizontal drains are effective and the desiccated crust can support the installation equipment, a
sand blanket would not be required over the remainder of the site. In addition, the horizontal
drains will promote drainage as firure dredged material is placed in the CIDMMA. Horizontal
strip drains were not installed in the main test section because the sand blanket will act as a
drainage layer for firture dredged fill.

Subsurface Investigation and Field Monitoring

A subsurfzce investigation was conducted in the test section area before strip drains were
installed to aid interpretation of the consolidation settlements. The following is a list of the tests
that were conducted to evaluate the subsurface conditions:

1) Cone and piezocone penetration tests were conducted to define the soil stratigraphy in
the test section. These tests results were also used to estimate the magnitude and variability
of the undrained shear strength, S,, and the coefficient of consolidation with depth.
Piezocone dissipation tests were used to determine the excess pore-water pressure
condition prior to drain installation. Dissipation tests were conducted every3mto 6 min
the piezocone tests, and the results were also used to estimate the coefficient of
consolidation.

2.) Pneumatic piezometers were installed at three locations (Figure 16) in the test section
area using the cone penetration test equipment. A total of eleven piezometers were
installed at varying depths at locations P-3, P-5, and P-7 (Figure 16) to aid in determining
the variation of pore-water pressure with depth.

3.) Field vane shear tests were conducted every 3 m to 6 m in a boring (B-1) that was
drilled at the center of the test section (Figure 16). Water content samples were taken every
3 m in this boring. The moisture content tests were used with the cone penetration test
results to estimate the magnitude and variability with depth of S;;, coefficient of
consolidation, and initial void ratio.

4) Eight settlement plates were installed throughout the test section to monitor the
effectiveness of the strip drains (Figure 16). Three of the settlement plates are located in
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the mobility section and five in the main section These settlement plates were installed and
surveyed prior to installation of the strip drains (18 December 1992). It should be noted
that the plates were installed shortly afier placement of the sand blanket. The settlement
plates were surveyed weekly during mstallation of the strip drains, which commenced on 21
Decamber 1992, After installation of the strip drains, the plates were surveyed monthly
starting with 1 March 1993.

Initial Excess Pore-Water Pressures

Initial excess pore-water pressures were estimated from the installed piezometers and
piezocone dissipation tests (Figure 17). These measurements were made prior to strip drain
installation. The distribution of excess pore-water pressure clearly indicates that the manne clay
is under-consolidated and the undedying dense sand is freely draining. It can be seen that the
maxXimIm excess pore-water pressure occurs at a depth between 15 m and 35 m or elevations -7.7
m CEMLW and -27.7 m CEMLW. It can be seen that the excess pore-water pressures at
location P-7 (Figure 16) are slightly lower than those at locations P-3 and P-5. It is anticipated
that the higher pore-water pressures are caused by the surcharge imposed by the sand blanket and
access road near location P-3 (Figure 16). Conversely, P-7 is located near the north edge of the
test section where the sand blanket terminates.

The piezocone dissipation tests were conducted until the pore-water pressure
measurement was constant. This was monitored using a microcomputer data acquisition system
in the testing vehicle. Figure 18 shows the results of a dissipation test conducted at-a depth of
27.5 m at the center of the main test area It can be seen that approximately 80 minutes was
required to achieve a constant pore-water pressure. These results are typical of all the piezocone
tests, that is, approximately 70 to 80 minutes was required to obtain a constant pore-water
pressure. However, plotting the dissipation data on 2 semi-logarithmic scale (Figure 19) revealed
that the degree of consolidation at the end of the dissipation test is less than 90 to 95 percent. As
a result, the semi-logarithmic dissipation relationship does not indicate the end of primary
consolidation. This prevents the determination of the time at which 100 percent consolidation
occurs, and thus the determination of the non-shear induced pore-water pressure.

In summary, the piezocone data in Figure 17 overestimates the excess pore-water
pressures because the pore-water pressures generated by cone insertion were not completely
dissipated at the end of the test. Further evidence of this is that the effective overburden stress
back-calculated using the dissipation test results is negative between depths of 15 mand 35 m.
This indicates that the excess pore-water pressures are too high. To ensure 90 to 95%
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consolidation is achieved before a dissipation test is terminated, it is recommended that the data
acquisition software be modified to present dissipation test results on a semi-logarithumic saale.

To clarify the initial excess pore-water pressure profile additional analytical techniques
were utilized. The excess pore-water pressure was estimated from the undrained strength ratio,
Sy divided by the preconsolidation pressure, op'. The next section discusses the estimation of the
undrained strength and an undrained strength ratio for the dredged fill and marine clay. The
preconsolidation pressure was back-calculated by dividing the undrzined shear strength and the
undrained strength ratio. The preconsolidation pressure was assumed to be equal to the current
effective stress because the dredged fill and marine clay are under- or normally-consolidated The
excess pore-water pressure was estimated to be the difference between the curmrent effective
overburden stress and the effective stress after 100 percent consolidation. The effective stress
after 100 percent consolidation was estimated using 2 unit weight that corresponds to the void
ratio after consolidation (15.4 kKN/m®), the current subsurface stratigraphy, and current elevation
of the ground water surface.

Tt can be seen from Figure 17 that the excess pore-water pressures estimated for an
undrained strength ratio equal to 0.26 are less than the piezocone and piezometer data. The
undrained shear strength was estimated from the cone tip resistance measured during the cone
penetration tests, and thus the profile of excess pore-water pressure is continuous with depth. It
should be noted that the piezometers (Figure 17) probably reflect the weight of the sand blanket,
and thus show higher excess pore-water pressures than those estimated from the undrained
strength ratio. The cone tip resistance does not reflect the sand blanket because the dredged
material and marine clay did not have time to consolidate under the stress imposed by the sand
blanket Therefore, the effective stress, cone tip resistance, and undrained shear strength reflect
the conditions prior to placement of the sand blanket

Initial Undrained Shear Strength

Consolidation of the dredged fill and marine clay foundation will result in 2 rapid increase
in storage capacity and soil shear strength. The existing undrained shear strength profile in the
test section was estimated using a number of techniques. The first technique described utilizes the
tip resistance from cone penetration tests and the following equation:

g - 9:=% @)
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where . is the cone tip resistance, G, is the total vertical overburden pressure, and N is an
empirical cone factor based on field vane shear tests. Empirical correlations of Ny have been
developed using the results of field vane shear tests (Lurme and Kleven 1981 and Meigh 1987)
and unconsolidated-undrained trimaal tests (Stark and Delashaw 1990). To differentiate the
unconsolidated-undrained trizdal mode of failure from the vane shear test, Stark and Delashaw
(1950) denoted their cone factor Ni,;,,. Both correlations utilize plasticity index (PI) to estimate
values of cone factor.

Table 1 presents the index properties of the marine clay at Craney Island. The statistical
values of the index properties were determined from the results of 135 tests. Since the dredged
material is similar to the foundation clay the same index properties were used for both deposits.

The field vane value of N was estimated for a PI of 41 ranges from 10 to 15, while the
value of Nigy,, ranges from 8 to 14. Since field vane shear test data are not avzilzble to estimate
a site-specific N value, an average value of Ni equal to 12 was utilized in the analysis to
facilitate comparison purposes. In addition, the average value of Ny is only slightly higher than
the average Ny, for this plasticity index and the unconsolidated-undrained triaxial mode of
failure is more suited to stability analyses involving soft saturated clays than the uncorrected ficld
vane shear test. Figure 20 presents the variation of undrained shear strength with depth using Ny
equal 1o 12. Each data point corresponds to a calculation of Sy, using Equation (8), the
appropriate total stress, and a value of Ny equal to 12.

Table 1. Summary of Index Properties of Marine Clzy (after Ishibashi et al. 1993)

Natral Water | Liquid Plastic Plasticity | Clay Size | Specific Gravity
Content (%) Limmit Limit Tndex | Fraction (%) |  of Salids
AVERAGE 702 707 293 414 944 271
STANDARD 124 147 41588 12.3 T25 0.04
DEVIATION
COEFFICIENT OF 017 021 0.17 03 0.04 0.02
VARIATION

Figure 20 presents the varation in S;; with depth estimated from cone penetration test
results and several interesting facts can be ascertained from the profile. First, the dredged
material contains many sand and/or silt seams. This explains the lack of large excess pore-water
pressures measured in the piezocone dissipation tests and plezometers in the dredged fill. The
dredged fill is probably undergoing self-weight consolidation and the excess pore-water pressures
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are being dissipated by the sand/silt seams. Based on this conclusion, the majority of the
settlement measured in the test section is attnibuted to consolidation of the manne clay. The
dredged fill appears to be undergoing self-weight consolidation and acting as a surcharge for the
marine clay.

Secondly, the marine clay appears to be under- or normally-consolidated. This is evident
by the smoothness of the Sy, profile and slight increase in Sy, with depth. In addition, it appears
that the sand underlying the marine clay is free-draining because the values of S, increase near the
bottom of the marine clay. In fact, the value of S, near the bottom of the marine clay
corresponds to the effective stress at 100 percent consolidation.

Thirdly, the interface between the dredged fill and marine clay appears to be located ata
depth of approximately 13.5 m or EL -6.2 m CEMLW. Craney Island was constructed in
approximately 3 to 4 m of water. Therefore, it appears that the dredged fill and marine clay
interface has subsided 2.2 m to 3.2 m since 1957.

Undrained Shear Strength Ratio

The undrained strength ratio of the marine clay was estimated from historic field vane
shear (FV), unconsolidated-undrained triaxial (UU), unconfined compression (UC), and
isotropically consolidated-undrained (CU) trizdal tests collected since 1948. Table 2 summarizes
the values of undrained strength ratio (S,/op) estimated from the tests reported in the General
Design Memorandums (U.S. Army 1949 and 1986) for Craney Island. Table 2 reveals that the
undrained strength ratio ranges from 0.24 to 0.28. The presence of gas in the dredged fill and
marine clay complicates the collection and testing of undisturbed specimens. As a result, the most
reliable measure of the in-sitn undrained strength ratio is obtained using a field test, such as the
field vane shear or cone penetration test. It can be seen that the historic field vane shear data
yield an average undrained strength ratio of 0.26.

Furmpmimpumﬂs&i,tﬁﬂmﬂrﬁﬂedsmg&mﬁﬂmes&mmdﬁnmwhﬁsh&&
comrelations, such as Figure 21 (a). The undrained strength ratio for an average plasticity index of
41 and the field vane mode of shear ranges from 0.25 to 0.27 with an average of approxamately
0.26. The triaxial compression mode of shear yields an undrained strength ratio of approximately
0.31. Mesti (1989) recommends an undrzined strength ratio of 0.22 for stability analyses because
a circular fzilure surface involves the following three modes of shear: triaxial compression, direct
simple shear, and triaxial extension (Figure 21b). A value of undrained strength ratio of 0.22
repmeﬂsannmgeﬁmﬁﬂmmpmﬁm,ﬁmﬂﬁmp]eshw,mﬂtﬁmﬁdmﬁnnmﬂdﬁof
shear based on the applicable length of the circular failure surface. Since this report is describing
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the undrained strength gain below the test section and not the undrained shear strength for a slope
stability analysis, a range of undrained strength ratio of 0.25 to 0.27 was used in Figure 20;and an
average ratio of 0.26 was used in the analysis described herein. However, an undrained strength
ratio at or near 0.22 should be considered when evaluating the stability of the perimeter dikes,
which usually involves a arcular failure surface.

Table 2. Undrained Strength Ratios for Marne Clay from Various Test Methods (after
Ishibashi et al. 1993)

TEST NO. OF | AVERAGE | STANDARD | COEFFICIENT OF
METHOD MEASUREMENTS Sy/cy DEVIATION VARIATION
FV 102 026 0.04 0.16
o 55 024> 0.13 0.46
i 56 028 0.16 0.55
cu 10 027 0.05 0.17

* Valpes of Undrained Strength Ratio Higher than 0.7 wers Omatted

The undrained strength ratio was used to estimate the S, profile using a measured unit
weight of 14.6 KN/m3 (Ishibashi et al. 1993) and by assuming that the marine clay is saturated and
normally consolidated. Figure 20 shows the initial estimated Sy profile, which comresponds to the
S,; profile before Craney Island was constructed, that is, prior to 1956. As a result, the range of
Sy was estimated using an S,y/op' equal to 0.25 to 0.27 and a normally consolidated marine clay
starting at an original mudfine of EL -6.2 m CEMLW. A comparison of the initial estimated
profile and the profile estimated from the 1992 cone penetration tests reveals that a small amount
of consolidation, and thus shear strength increase, has occurred in the marine clay between 1956
and 1992 for depth ranging from 25m to 35 m.

Undrzained strength ratios of 0.25 and 027 were also used to estimate the increase in Sy
that will result from installation of prefabricated strip drains, and thus 100 percent consolidation
of the marine clay. Figure 20 shows the final estimated S,; profile, which was estimated assummg
the dredged fill and marine clay are normally consolidated and the dredged fill surface is at EL
+73 m CEMLW. A unit weight of 15.4 kKN/m® was used to estimate the undrained shear strength
after 100 percent consolidation. A unit weight of 15.4 kKN\m® was estimated using an average
void ratio after consolidation of 2.0 and a degree of consolidation of 100 percent. This value is
greater than the initial value of 14.6 KN/m® reported by Ishibashi et al. (1993) and reflects the
densification by consolidation.
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Initial Void Ratio Profile

Void ratios were determined for the samples obtained from the boring at the center of the
test section (Figure 16). The void ratios (e) were estimated using a degree of saturation (S) of
100 percent, a specific gravity of soil mass (Gg) equal to 2.71 (Table 1), and the following
equation:

S*e=G *W, ®

Tt can be seen from Figure 23 that the average void ratio of the marine clay is approximately 2.5.
The dredged fill exhibited void ratios of 2 to 3 and considerably more scatter than the marine clay.
Figure 23 also presents a pre-1956 void ratio profile éstimated from the water content test results
(Figure 22) cbtained from the pre-construction subsurface exploration (U.S. Army 1949). It can
be seen that the void ratio of the marine clay has not undergone a substantial decrease from 1956
to 1693,

The void ratio after 100 percent consolidation was esiimated using a range of values for
the compression index (Cg). The range of C., (0.8 to 1.36) was estimated using data from an
empirical correlation and oedometer test results described in the next section. The void ratio after
100 percent consolidation was estimated at a particular depth using the following expression:

e =, *1og 22 (10)
o, ——
where Ae is the change in void ratio and o is the effective vertical stress. Therefore, the initial
void ratio of the marine clay is 2.5 and the change in effective vertical stress is the difference
between the current effective vertical effective stress and the effective stress after 100 percent
consolidation is achieved.

Figure 24 illustrates the change in void ratio and bulk density that typically occurs in
dredged material This relationship betwesn water content and void ratio was developed using 2
liquid imit of 71, a plasticity index of 41, and a specific gravity of soil mass equal to 2.71 (Table
1) for the Craney Island dredged material Dredged matenial usually enters a management area
from a discharge pipe at a void ratio of 10 to 20, or a bulk density of 1.15 to 1.08 kg/liter. With
surface management, the decant water content can be reached at a void ratio of 4 to 5. Surface
mmagmﬂh:hdﬁremaﬁngwe&bcudsmdmammesnﬁsawﬂﬂaﬁersﬁmmmﬁﬂnufm
dredged materizl is complete. With additional surface management and some desiccation, the
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water content can be reduced to the liquid limit (void ratio of 2 to 3) and the saturation limit (void
ratio of 1 to 2), respectively. Additional desiccation can reduce the degree of saturation below
100 percent and a water content corresponding to the plastic imit may be obtained. The lowest
water content that can be obtained through desiccation is usually the shrinkage Iimit, which
comresponds to 2 void ratio of less than 1.0.

From Figure 23 the void ratio of the dredged fill ranges from 2 to 3. It can be seen from
Figure 24 that this void ratio corresponds approximately to the liquid limit Therefore, the surface
management program at the CIDMMA has been effective in reducing the void ratio to a water
content that corresponds to approximately the liquid limit. However, additional decreases in void
ratio could occur if consolidation is promoted.

Compression Index

Figure 25 presents a summary of oedometer tests reported in the General Design
Memorandums (U.S. Army 1949). This data reflects the void ratio prior to construction of
Craney Island. It can be seen that it is difficult to estimate a value of compression index (Cp) for
the marine clay from this data. Ishibashi et al. (1993) suggested a value of C¢ equal to 1.36
(Figure 25). Headquarters (1990) presents the following empirical correlation for clay of medium
to low sensitivity:

C. =001*(LL-13%) (11)

This equation and a liquid limit of 71 were used to estimate 2 value of C; equal to 0.58. It can be
seen from Figure 25 that the range in C,, is large.

Two lines were drawn through the data using C,, equal to 0.58 and 1.36 (Figure 25). This
was accomplished by estimating the change in void ratio for a particular change in effective stress
using an initial void ratio of 3.0 and Equation (10). It can be seen that the expression for C¢in
Equation (11) provides a reasonable approximation of the data. Clearly the value of C¢ equal to
1.36 reported by Ishibashi et al. (1993) does not represent the majority of the void ratio-effective
stress data in Figure 25. However, both values of C were used in a subsequent section to
estimate the consolidation settlement induced by installation of strip drains. It should be noted
that C,. ranges from 0.41 to 0.79 for the majority of the data with an average or representative
value of 0.58.
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Coefficient of Consolidation '_

Strip drain spacing is governed by the horizontal (Cp) and vertical (Cy) coefficients of
consolidation. It can be seen from Figure 7 that strip drains will penetrate the dredged fill and
marine clay which have different hydraulic conductivities. These soil types are similar, but the
void ratio of the dredged fill is larger than the marine clay. This results in a higher hydraulic
conductivity and coefficient of consolidation for the dredged fill than the marine clay. The results
of the subsurface investigation were used to estimate design values of Cy, and C,, for the dredged
fill and marine clay.

The results of hydraulic conductivity tests in piezometers installed in the perimeter dikes
were used to estimate Cp and C,.. In these tests, water in the piezometers is either pumped down
or raised by filling. After pumping os filling is completed, the time required for the water level to
return to the original or equilibrium condition is measured. The flow around the piezometer tip is
probably 2 combination of vertical and horizontal flow. However, for simplicity the flow was
ammedmhehﬂnmnmmmmehydmhcmm“tymwmmedmbemmg
the horizontal hydraulic conductivity.

The value of horizontal permeability is calculated from these hydranlic conductivity tests
using the following expression (British Standards Institution 1981):

i) w

where K, is horizontal hydraulic conductivity, t is time, A is the cross sectional area of the
standpipe, and H is the variable hydranlic head at times t3 and t;. The values of Cp, were
calculated for the dredged fill using the horizontal hydraulic conductivity from Equation (12), an
initial void ratio, eq, of 3 (Figure 23), a unit weight of water equal to 9.8 kKN/m?3, 2 horizontal
coefficient of compressibility, ap, of 9.1E-03 (kPa)1, and the following equation:

C, = [M] (13)

aﬁ *?.w

The value of ap was obtained from cedometer and self weight consolidation test results
(Cargill 1983) in the proper range of effective stress. The average horizontal hydraulic
conductivity from three hydraulic conductivity tests in piezometers located in the dredged fill was



estimated to be 2.4E-03 m/day. This hydraulic conductivity corresponds to an average value of
Cp, of 3.7E-02 m2/day. ;

The values of Cp, were calculated for the marine clay using the average horizontzl
hydraulic conductivity from field hydraulic conductivity tests in piezometers, an initial void ratio
of 2.5 (Figure 23), and 2 coefficient of compressibility of 1.9E-02 (kPa)~! (Cargill 1983). The
average horizontal hydraulic conductivity from three hydraulic conductivity tests in the marine
clay was estimated to be 7.2E-04 m/day, which corresponds to an average Cp, of 1 4E-02 m2/dzy.
As expected, the marine clay exhibited a lower horizontal hydraulic conductivity and Cp, because
of the smaller initial void ratio.

Installation of vertical strip drains, and thus disturbance, decreases the hydraulic
conductivity of the soil, such that the ratio of the horizontal hydraulic conductivity to the vertical
hydraulic conductivity ranges from 1.0 to 1.5 in marine clays (Mestiand Lo 1991). In
undisturbed soil, this ratio can range from 3 to 10. Based on the data presented by Mesri and Lo
(1991), a value of C,, was estimated by dividing Cp, by an average ratio of 1.25. Therefore, the
values of Cy, for the dredged fill and marine clay were calculated to be 3.0E-02 and 1.1E-02

m2/day, respectively (Table 3).

Table 3. Estimated Values of C, and Cj, for the Dredged Fill and Marine Clay

| Cq Cy
Source of Data (m2fday)  (mZiday)
redge Fill Data i
ield Piezometers (1991) 3.70E02  3.00E-02
Cargill (1983) : LICE02  8.80E-03
Marine Clay Data
Field Piezometers (1991) 140E02  L10E-02
Design Mamorandums (U.S. Army, 1949 & 1986) 190E-03  1.50E-03
Empirical Correlations (U.S. Navy, 1982) 990E-03  7.90E-03
chi-_gnPﬂmﬂm 1.16E-02 929E-03

Oedometer test results from General Design Memorandumns (U.S. Army 1949 and 1986)
were also used to estimate C,,. Thirty-two time curves corresponding to the average effective
stress in the marine clay (approximately 60 kPa) were used to estimate an average value of C,_,fur



the test section area. The resulting average value of Cy, for the marine clay is 1.5E-03 m2/day.
An average value of C, was estimated to be 1.9E-03 m2/day by multiplying Cy, by 1.25. ;

" Tt can be seen from Table 3 that the cedometer test results from the General Design
Memorandums (U.S. Army 1949 and 1986) yield values of Cp and Cy, that are lower than the
field hydraulic conductivity test values. The difference is attributed to sample disturbance, the
lack of a representative sample, the accuracy of evaluating hydraulic conductivity without flow
quantity or pore-water pressure measurements in oedometer tests, and the combined vertical and
horizontal flow that probably cccurred around the piezometers during the field hydraulic
conductivity tests.

Laboratory consolidation data on the dredged fill reported by Cargill (1983) were also
used to obtain values of Cy, and Cj, equal to 8.8E-03 and 1.1E-02 m2/day, respectively, for a void
ratio of 3. Since these values of Cy and Cy, were obtained from oedometer tests on the dredged
fill at void ratios of approximately 3 (Cargill, 1983), these values are similar to the field hydraufic
conductivity tests. The slight discrepancy may be related to soil disturbance, differences in soil
type, combined vertical and horizontal flow around the field piezometers, and the presence of thin
drainage layers around the piezometers.

Unfortunately, the piezocone dissipation test results are not suitable to estimate Cp, and G,
for the dredged fill and marine clay. Dissipation tests were performed at various depths during
cone penetration testing at three locations in the test section. The pushing of the cone through
the soil creates shear induced excess pore-water pressures, which had not completely dissipated
when the test was stopped. Theories relating dissipation time to Cp, and Cy, generally require the
time required for 50 percent dissipation or consolidation. In the field, pore-water pressure versus
time was plotted on an arithmetic scale and dissipation seemed complete. However; the end of
primary consolidation, and thus 50 percent consolidation, could not accurately be determined
when the results were plotted using a semi-logarithmic scale.

Empirical correlations of C, presented in the Navy Design Manual DM-7.1 (U.S. Navy
1982) and 2 liquid Emit of 71 were also used to estimate a value of Cy equal to 7.9E-03 m2/day
for the normally consolidated marine clay. This value of Cy, corresponds to a value of Cp, equal to
9.9E-03 m2/day. Since the dredged fill is under going self-weight consolidation, values of Cy; and
Cp, could not be estimated from this correlation. The values of Cy; and Cj, reported in this
correlation correspond to effective stresses greater than those present in the dredged fil.
Therefore, the dredged fill values of Cy, and Cp, are probably higher than those reported in the
DM-7.1 correlation.

From Table 3 it can be seen that the values of Cy, and C, are uncertain. To facilitate the
design of the test section it was decided to treat the dredged fill and marine clay as a single layer
and use an average value of Cp, and Cy. For design purposes, it was decided to use 2 weighted
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average value of Cp, and Cy, based on the thickness of the dredged fill and marine clay. The
estimated average values of Cy, and Cy, are equal to 1.16E-02 and 9 29E-03 m?/day, respettively,
and were used to determine the preliminary spacing of the strip drains.

Strip Drain Design Parameters

The other major parameters required to develop an estimate of strip drain spacing are the
well resistance and the extent of the smear zone. It can be seen from Figure 11 that the well
resistance is governed by the ratio of Ki/K.;; or K}/ay,. Using field case histories, Lo (1591)
showed that the effect of well resistance can be neglected if the parameter (& is less than 02
Typical values of strip drain discharge capacity, gy, range from 5.7 to 11.3 m3/day (Koerner
1994). Since the consolidating clay is doubly drained, the maximum drainage length of the strip
drain in the test section area (L) is equal to 22 m. This value of 1. also equals the maximum
drzinage length of vertical drainage path (H) in the clay. Using these parameters, an average
value of gy equal to 8.5 m3/day, and the average horizontal hydraulic conductivity measured in
the field piezometers, the value of G ranges from 0.06 to 0.03. Therefore, well resistance may be
neglected if the field discharge capacity of the strip drains is greater than 8.5 m3/day.

The radial extent of the smear zone was studied using lzaboratory model tests by Onoue et
al. (1991) and experience from pile driving and sand drain installations. This study revealed that
the ratio of smear zone diameter to strip drain diameter, dg/dy, varies from 1.6 to 4.0. For design
purposes the ratio of dg/d,;, was assumed to be 2. In addition, the horizontal hydraulic
conductivity in the smear zone, K, was assumed to be one-half of the undisturbed hydraulic
conductivity, Ky,. This assumption is based on data presented by Onoue et al. (1991) that showed
the ratio of Ky/Kp, ranged from 0.2 to 1.0 in the smear zone.

Design of Test Section Strip Drains

Using the design theory presented by Lo (1991) and the design parameters previously
described (Table 4), a sphere of influence of a strip drain, de, equal to 2.3 m is required to obtain
a degree of consolidation of 90 percent in the dredged fill and foundation clay within one year.
The value of dg, is obtained by an iterative process in which values of d,. are selected until
Equation (5) yields a degree of consolidation of 90 percent.

The sphere influenced by each vertical strip drzin is calculated using Equation (5) for both
square and triangular drain patterns. Therefore, the sphere influenced by a vertical strip drain is



the same for a square or triangular pattern. However, a triangular patiern provides better
drainzge for a specified area. The radius of influence does not reach the corners of a square area,
and thus the square pattern will require a slightly longer time to consolidate than a triangular
pattern. Since the sphere influenced by a square and triangular pattern is the same, it is
recommended that a triangular pattern be used to facilitate drainage. A preliminary strip drain
spacing for a triangular pattern was calculated to be 2.2 m by dividing d by 1.05 (Figures 10 and
11). The value of 1.05 is determined by geometry of three spheres creating a triangle.

The major design constraints for the test section were cost and the time required for 50
percent consolidation. Initially, it was decided that a consolidation time of 9 months was desired
so that evaluation of the test section could be completed before specifications for construction of
a subsequent strip drain contract would be required. To achieve 90 percent consolidation in nine
months, a triangular pattern with a drain spacing of 1.8 m was recommended using the design
parameters in Table 4. However, the lowest bid for the strip drain installation with 2 drain
spacing of 1.8 m exceeded the project budget. As a result, the drain spacing was increased to 2.2
m to meet the project budget. This resulted in at least twelve to thirteen months being required to
achieve 90 percent consolidation with a drain spacing of 2.2 m. Installation of the strip drains was
completed in February, 1993, and thus 90 percent consolidation should have been achieved in
February or March, 1954,

Table 4. Strip Drain Test Section Design Parameters

Ii'amm:r Valne e
of Consolidation %0%
e 1year
7.3E-04 m/day
Cy 93E-03 m’/day
1.1E-02 m’fday
22m
8.5 m'/day
2m

dy 2.0
2.0
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Strip Drain Installation Equipment

Vertical strip drains were installed in the test section using a novel piece of equipment.
The equipment minimized disturbance to the sand blanket, confined dredged material, and the
underlying marine clay during the installation operation. The equipment was developed by
Geotechnics America, Inc. of Aflanta, Georgia (Figure 26). It can be seen that the 50 m high
mandrel is stabilized using guy wires. The strip drain installation equipment had to be mounted on
pontcons to reduce the madmunm contact pressure to less than or equal to 10.4 kPa. This would
enable the equipment to operzate on the 15 2 to 305 cm thick desiccated crust in the mobility test
section. The contractor mounted the installation equipment between two 2.1 m wide and 10.7 m
long pontoons (Figure 27). The entire equipment weighs approximately 440 kN (59,120 Ibs).
Since the area of the pontoons is 45.6 m2, the ground pressure exerted by this equipment is only
9.7kPa As a result, the equipment encountered little difficulty operating on the desiccated crust.

The drzins were advanced using a mandrel sleeve that was pushed through the sand
blanket, dredged material, marine clay, and into the underdying dense sand. The mandrel protects
the drain material from tears, cuts, and abrasions during installation The cross-sectional area of
the mandrel was restricted to 6.5E-03 m? to reduce soil disturbance during installation.
However, it should be noted that the mandrel is still considerably larger than the cross-sectional
area of the strip (6.0E-04 m?2). The mandrel is retracted after each drain is installed at the
required depth. A fat anchor plate is placed at the bottom of the mandrel to preveat soil from
entering the bottom of the mandrel, to minimize tearing of the geotexdile, and to anchor the drain
material at the required depth when the mandrel is retracted.

The depth to the dense sand in the test section Is approximately 40 to 50 m. - The vertical
strip drains had to be anchored in the dense sand underiying the marine clay to ensure that the
drains would be doubly drained. To achieve this objective, each drain was pushed until a pressure
of 69,000 kPa was applied to the mandrel. This was the maximum pressure that could be applied
without lifting the equipment/pontoons off the ground surface.

The static method of installation with a constant rate of advancement was used for
advancing the drains to reduce soil disturbance. An advancement rate less than 9.0 m per minute
with the fiall static force was used. Approximately 0.1 m to 0.2 m of strip drain material was left
protruding above the sand blanket in the main test section. In the mobility test section, a much
longer length of strip drain was left protruding above the desiccated crust so that the vertical strip
drain could be connected to the nearest horizontal strip drain  Horizontal strip drains were
utilized in the mobility test section to evaluate their ability to convey water to the perimeter
trenches. Horizontal strip drains were not used in the main area because the sand blanket
provided drainage to the perimeter trenches. In addition, the sand blanket and horizontal strip
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Figure 26. Overview of Strip Drain Equipment
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Figure 27. Installed Strip Drains and Pontoon Mounted Equipment



drains will provide an intermediate drainage layer as additional dredged material is placed in the
area. The successfill use of horizontal strip drains may preclude the cost and installation of a sand
blanket throughout the remainder of the management area

Strip drain installation in the test section began on 21 December 1992 and was completed
on 26 February 1993. The total mumber of drains installed in the main and mobility test sections is
5,557. Approximately 193,824 lineal meters of vertical strip drain was installed in the main test
section while 40,753 lineal meters of vertical strip drain was installed in the mobility test section.
In the mobility section 2,181 lineal meters of horizontal strip drain were installed The successful
bid for the strip drain installation utilized the unit costs shown in Table 5.

Table 5. Strip Drain Costs for Craney Island Test Section

UuitPrice  QuantityInstalled  Item Cost

Item : (S/m) (m) s
Vertical Strip Drains

- Mzin Section 1.98 193,824 383,772

L Mobility Section 436 40,755 173,616

Strip Drains
Mobility Section 4918 2,181 107,262
Total Project Cost:.  $664,650

It can be seen that the unit pricing of the vertical strip drains in the mobility section is
about two times higher than the main section. This was attributed to the uncertainty of operating
the installation equipment on the desiccated crust. The low ground pressure of the installation
equipment enzbled the contractor to operate efficiently on the desiccated crust. As a result, it was
concluded that a sand blanket is not required throughout the placement area to permit drain
installation. This achieved one of the major objectives of the test section, which was to determine
if strip drains could be instailed without the use of a sand blanket. Based on the successiul
installation of strip drains in the mobility section, the unit price for installing vertical strip drains in
a subsequent contract is only $1.98 per lineal meter (Joiner 1993). This is the same cost as the
strip drains in the main test section. Therefore, the absence of a sand blanket will not affect the
cost of firture strip drain installation.

The performance of the strip drain test section is discussed in detail in the following
chapter. However, the performance of the horizontal strip drains is discussed here for continuity
purposes. In general, the horizontal strip drains conveyed water from the mobility section to the
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perimeter trench satisfactorily until the settlement exceeded approximately 1 m. Afterwards the
large settlement bowl changed the direction of flow from the trench to the middle of the tast
section. As z result, the horizontal drains did not convey the expelled water to the perimeter
trenches. If strip drains are installed throughout the placement area, it is recommended that
horizontzl strip drains not be used. The settlement bowl will canse a depression that will become
filled with water. This depression will probably have to be drained using excavated trenches
whether or not horizontal drains are instafled.

Strip Drain Specifications

The vertical strip drains consist of 2 band-shaped plastic core enclosed in 2 suitable filter
material. The polypropylene drainage core is wrapped in a filter made of 2 non-woven fzbric of
comtinuous filaments of 100% polypropylene. Strip drains with nipples or other individual
protruding objects used to create a dramage channel were not specfied for this project. It was
anticipated that the lateral pressures in the marine clay are large and could cause the filter fabric to
be punctured by protruding objects on the drainage core. The initial strip drain specifications
also required the following physical characteristics (umits as specified):

DRAIN:

Weight 126 gramsfmeter (0.085 he/ft)

Width 93 mm (3.7 inches)

Thickness 4.1 mm (0.16 inch)

Foll Length Sﬂim(%ﬂﬂﬂft} ——cen

Discharge Capacity 6.4x10~3 m3/min (L6 gpm) ASTM D4716
(345 10¥m?2, 50psi)

Discharge Capacity 6.4x1073 m3fmin (L6 gpm) ASTM D4716

(25% compressicn)

CORE:

Material Polypropylene

Drainage Channels 4

Grab Tensile Strength 21,390 kKN/m? (3100 psi) ASTM D1621/D638

Flex Modulus L1 KN/m? (0.16 psi)

Deasity 0.90 glem’ (56.2 pcd) ASTM D792

One Side Wetted Perimeter 192 cm (7.56 in)

FILTER FABRIC:

Grab Tensile Strength 0.89 K37 (200 Ibs) ASTM D4632

Grab Elongation at Break 60% ASTM D4432

Modulus at 10% elongation 5.3 EN (1,200 Ibs) ASTM D1682/D4632

Trapeznidal Tear 033 KN (75 Ibs) ASTM D4533

Puncture Strength 031 N (70 Ibs) ASTM D4833

Maullen Burst Strength 1573 kN/mZ (210 psi) ASTM D3786



Specific Gravity 0.95

Permittivity 3238 Ipm/m? (230 gpm/fi2) ASTM D4491
Permesbility (K) 0.01 cm/min (0.0039 in/min) ASTM D4491 ;
Ulira Violet Resistance 70% at 500 Hours ASTM D4355
Apparent Opening Size (AOS) 140 ASTM D4751

The applicable American Society for Testing and Matenials (ASTM) standard test
designations (Annual 1993) are presented m the specification. These specifications were
developed to reduce the potential for the filter fabric to be squeezed into the channels of the
- drainage core. If the filter fabric was forced into the drainage channels, the discharge capacity of
the drain would be significantly reduced. To reduce this possibility, a large number of drainage
channels was specified (greater than or equal to 54) to reduce the area that the filter fabric had to
span. A typical strip drain, for example, Amerdrain 407, has less than or equal to 40 drzinage
channels. In addition, a heavier filter fabric (186 g/m) was specified to resist the large lateral
pressures in the marine clay. A heavier filter fabric also provides better flow characteristics. The
thicker filter fabric reduces the amount of soil particles entering the drainage channels, which
helps maintain the discharge capacity of the drain. The Amerdrain 410, manufactured by
American Wick Drain Company, was proposed by the contractor to satisfy the specifications
shown above.

Tn an effort to reduce the cost of the test section after the first bid, CENAOQ inserted the

following strip dram specification

DRAIN:

Weight 0.30-1.30 NM/Meter e
Width 90-105 mm

Thickness 3-4mm

Discharpe Capacity 60 mil'sec ASTMIDYTIS
GEOTEXTILE:

Grzb Tensile Strength 20N ASTM D4632
Puncture Strength ZTON ASTM D4833
Water Permeshility (E) > 0.01 cmyfsec ASTM D451

The main difference in the two specifications for vertical strip drains is that the second
specification requires a plastic drainage core with only greater than 38 channels and a filter fabric
weight of only 124 g/m. This resulted in the contractor installing the Amerdrain 407
mamufactured by American Wick Drain Company.



The horizontal strip drains were also prefabricated with a polypropylene drainage core
wrapped in 2 filter. The filter fabric is made of non-woven fabric of continuous filaments qf 100
percent polypropylene. The contractor used a 0.1 m wide Akwadrain, manufactured by American
Wick Drain Company, to satisfy the following specification for horizontal strip drains.

DRAIN:
Weight
Width

Compressive Strength
Shear Strength

Peel Strength

Fungns Resistance

In Plane Discharge Capacity

Teusii:él::ngﬂ:
Fongus Resistance

FABRIC:

Weight

Grab Tensile Soength
Elongation at Break
Mndnlus ar 10% elongation
Trapezoidal Tear

Punctore Strength
Mullen Burst Strength

Permesbility ()
Tltra Violet Resistance
Fungus Resistance

2400 gim? (7.9 oz/t?)

305 mm (12 inches)

25 mm (1 inch)

430 IN/m? (9000 psf)

430 KN/m (9000 Ths/ft)

14.3 N/ (35 Ths'ft)

No Growth

0.0013 m>/sec (20 gpm/ft width)

06 KN (135 6s)
No Growth

1190 grm? (3.9 ozfyd2)
0.5 EN (110 Tbs)

40%

53 N (1,200 Ihs)

022 kN (45 Ibs)

033 kN (75 Tbs)

1518 KN/m? (220 psi)
1410 lpm/m? (100 gpm/A?)
0.15 cm/fsex; (0.059 m/sec)
80% at 300 Hams

70

No Growth

ASTM D693/D1621
ASTMD1621
ASTMDI1ETE
ASTM G21

ASTM D4716

(Gradient = 0.1 at 10 psi)

ASTM D633
ASTM G21

ASTMD3776
ASTMD4632
ASTMD4632
ASTMDIS82/D4632
ASTMD4533
ASTMD4833
ASTMD3785
ASTMD4491
ASTMD44S1
ASTMD4355
ASTMD4491
ASTM G21



4 TEST SECTION PERFORMANCE

Immediately following installation of the vertical strip drains, water could be seen rising
along the drainage core and around the strip drain. The water rising around the strip drain was
caused by the void left by the mandrel after retraction. Figure 28 is a photograph of a typical strip
drain within 10 to 15 mimutes after installation. It can be seen that water hasrisen 0.05t0 0.15m
above the ground surface inside the drain A significant amount of water can also be seen rising
around the drain. The cross-sectional area of the drain and mandrel are 6.0E-04 m” and 6.5E-03
m’, respectively. This resulted in the creation of a void around the drain after the mandrel was
withdrawn. This void usually closed shortly after installation because of the lateral earth pressures
in the dredged fill and marine clay. Subsequently, flow only occurred inside the drain.

Immediate Settlement of Main Test Section

When a load is applied over a limited area on saturated clay, some settlement occurs
immediately. This immediate settlement (S;) occurs as a result of distortion, or change of shape of
the clay beneath the loaded area. In other words, saturated clays undergo no immediate volume
change because time is required for water to drain from the clay.

Immediate settlement can be estimated using elastic theory, by means of the following

equation:

S, =L1I %(1 -v?) (149

where Ip and I; are dimensionless settlement factors presented by Christian et al (1978), q is the
average bearing pressure, B is the width of the loaded area, E is the undrained modulus of the
clay, and v is Poisson’s ratio of the clay. The value of Poisson’s ratio is equal to 0.5 for saturated
clays.

The sand blanket was pumped into the north compartment using a dredge pipe from
Jannary, 1992 to early March, 1992. The first survey of the setilement plates in the sand blanket
occurred on 18 December 1992. This is approximately nine months after placement of the sand
blanket. As a result, it was assumed that most of the immediate settlement had occurred prior to
the first survey of the settlement plates. Therefore, values of immediate settlement were not



Figure 28. Water Rising in Strip Drain Immediately After Installation
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included in estimating the total settlement that would be measured by the settlement plates in the
test section.

a
-

Secondary Compression Settlement of Main Test Section

Secondary compression settlements can be estimated using the following equation:

§,=C_.*H, *lcrg[i] (15)
IF

where C., is the coefficient of secondary compression, Hp is the initial thickness of the layer
undergoing secondary compression, t is the time at which secondary compression settlement is to
be calculated, and t, is the time at which primary consolidation ends and secondary compression
begins. Mest (1973) and Mesri et al. (1995) present empirical relationships for estimating the
coefficient of secondary compression using the natural water content.

Initially, it was thought that the dredged fill and marine clay might undergo secondary
compression settlement before new dredged material was pumped into the north compartment. It
will be shown in a subsequent section that the consolidation had not reached 100 percent as of 13
July 1995 or approximately 25 months after strip drain installation New dredged material was
pumped into the north compartment from 21 August through December, 1995. As a result, the
dredged fill and marine clay are undergoing additional primary consolidation because of the
increase in vertical stress caused by the new dredged fill As a result, secondary compression was
not initiated at the test section.

In summary, secondary compression seitlement was not added to the estimated
consolidation settlements becanse the dredged fill and marine clay did not appear to reach the
end-of-primary consolidation before new dredged material was placed in the north compartment.

Consolidation Settlement of Main Test Section

" Several techniques were used to estimate the magnitude of consolidation settlement that
would occur in the test section. First, consolidation setflement was calculated for only the marine
clay by assuming instantaneous placement of the dredged fill at Craney Island. This caseis
unrealistic since it assumes instantaneous placement of the surcharge (dredged fill) and does not
account for self-weight consolidation of the dredged fill or dissipation of excess pore-water

a7



pressures in the dredged fill. However, it does provide a lower bound estimate of the expected
total settlement and an upper bound estimate of the marine clay settlement. The change m,
effective stress and Figure 25 were used to estimate the change in void ratio, and thus
consolidation setflement using the following expression:

ae ] 16)

S:H,,[
1+eg,
where H, is the thickness of the consolidating layer, e, is the initial void ratio, and Ae is the
change in void ratio. The final effective overburden stress was estimated using a unit weight of
15.4 KN/m® for the dredged fill and marine clay and a dredged fill surface at EL +7. 3m CEMLW.
This results in a 13.5 m and 30.4 m thick layers of dredged fill and marine clay, respectively. A
unit weight of 15.4 kKN/m’® was estimated using an average void ratio after 100 percent
consolidation of 2.0 and a degree of saturation of 100 percent. This value of unit weight, 15.4
KN/m’ (98 pcf), is greater than the initial value of 14.6 kKN/m® (93 pef) reported by Ishibashi et al.
(1993) beczuse it reflects the densification caused by consolidation For Cg equal to 0.58 the
estimated settlement is 1.6 m, while for C equal to 1.36 the expected settlement is 4.1 m. As
expected, this analysis method and C, = 0.58 underestimates the measured settlement (2.3 to 2.7
m) because it does not include consolidation settlement of the dredged fill. However, it does
_ indicate that the majority of settlement probably will occur in the marine clay.
Consolidation settiement estimates were also made using the undrained shear strength data
obtained from cone penetration tests conducted prior to strip drain installation. - The variation in
S, with depth (Figure 20) was determined from cone penetration tests using a value of Ni equal
to 12. The current effective stress profile was estimated by dividing the values of S, by an
average value of S,/op’ equal o 0.26. The difference between the current effective overburden
stress distribution and the final effective stress distribution equals the increase in effective stress
after 100 percent consolidation. The final effective overburden stress was estimated using a unit
weight of 15.4 KN/m® for the dredged fill and marine clay and a dredged fill surface at EL +7.3 m
CEMLW. Using values of C; equal to 0.58 and 1.36, 2 range of consolidation settlement o£ 1.0
m to 2.3 m was estimated. Since settlement of the main test section has already exceeded 2.3 to
2.7 m in the main test section, this technique appears to underestimate the consolidation
settlement. This is probably caused by the difficulties in estimating the current effective
overburden stress profile, that is, the current excess pore-water pressure profile as previously
discussed.
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Consolidztion settlement was also estimated using the change in void ratio caused by 100
percent consolidation and Equation (16). The current void ratio distribution (Figure 23) was
determined from samples obtained from the boring at the center of the test section prior to strip
drain installation. Void ratios comresponding to 100 percent consolidation were estimated using
the final effective stress and the void ratio-effective stress relationships in Figure 25. The final
effective overburden stress was estimated using 2 unit weight of 15.4 kN/m3 for the dredged fill
and marine clay and a dredged fill surface at El. +7.3 m CEMLW.

The change in void ratio caused by 100 percent consolidation was obtained from the
difference between the March, 1993 void ratio profile (Figure 23) and the void ratio profile
estimated using values of C;.. The dredged fill and marine clay were divided into sublayers and
the change in void ratio for each sublayer was used to calculate the consolidation settlement. The
estimated total consolidation settlement is the sum of the sublayer settlements. This technique is
straight-forward and represents the best estimate of the field settlement. Consolidation
settlements of 2.2 m and 6.1 m were estimated for the values of C; equal to 0.58 and 1.36,

respectively.

Estimated Settlement of Main Tést Section

Consolidation settlements estimated uéing the previously described technigues are
summarized in Table 6. In summary, it is estimated that the main test section will settle an
average of approximately 2.2 m (C, = 0.58) before 100 percent consolidation is achieved. The
range of C,. in Figure 25 is 0.41 to 0.79 with a representative or average value being 0.58. This
average value of C,. is also in agreement with the empirical correlation shown in Equation (11).
The estimated consolidation settlement ranges from 1.5 to 3.0 m for values of C; equal to 0.41
and 0.79, respectively, using the change in void ratio analysis method. Field settlements as of 18
July 1995 are 2.3 to 2.7 m in the main test section (Figure 29). Therefore, the average value of
C, (0.58) provides a reasonable estimate of the observed settlements.

Table 6. Estimates of Consolidation Settlement of Mzin Test Section

Cc = 058 C,; = 1.36
Analysic Method Settlemnent (m) Settlement (m)
Instantzneous Placement 1.6 4.1
5 GP‘ =025 Analysis 1.0 23
Change in Void Ratio 2.2 6.1
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If the main test section is assumed to have achieved a degree of consolidation of 90% as
of 18 July 1995, and thus would exhibit a consolidation settlement of 2.7 m at 100%
consolidation, a field value of C, equal to 0.71 can be back-calculated from the observed
settlements. This value of C. is in agreement with the empirical relationship in Equation (11) and
the void ratio-effective stress data presented in Figure 23. The back-calculated value of C was
used to estimate 2 final consolidation settlement of approximately 2.9 m.

In summary, it is estimated that the main test section will settle between 2.7 and 29 m,
which indicates that the section will undergo some additional settlement. A value of C;; equal to
0.71 should be used to estimate the consolidation settlement of future strip drain instzllations at
the CIDMMA.

Measured Settlements in Main Test Section

Settlement plate readings for the main test section are presented in Figure 29. Installation
of the vertical strip drains in the test section was completed on 26 February 1993. As of 18 July
1995 the maximmm consolidation setilement in the main test section ranges rom 23 to 2.7m. As
a result, the measured settlements are in agreement with the predicted value 0f 2.7t0 29 m. In
addition, the measured settlements are within the predicted range (1.5 - 3.0 m) for values of C;
equal to 0.41 and 0.79.

Figure 30 presents the settlement plate data from the main test section using 2 semi-
logarithmic scale. Tt can be seen that none of the settlement plates indicate that primary
consolidation has been completed. Therefore, consolidation is continuing, but it appears that the
estimated settlements are in agreement with field measurements. A final conclusion on the
accuracy of the estimated settlemenits will probably not be known becanse new dredged material
was pumped into the north compartment from 21 August through December 1995.

For design purposes, it can be assumed that the north compartment will settle between 2.7
and 2.9 m if a sand blanket and strip drains are installed and 100 percent consolidation is allowed
to occur. If consolidation settlements are to be estimated for the center and south compariments
or the perimeter dikes, it is recommended that the change in void ratio analysis method (Figure
23) and a value of C equal to 0.71. Water content versus depth, and thus void ratio versus
depth, information should be obtained from a representative boring to estimate the initial void
ratio. The void ratio after 100 percent consolidation can also be estimated using a range of Cg
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(0.41 to 0.79) and the final effective overburden stress to predict a range of consolidation
settlement. ;

It should be noted that strip drains were installed in the northern part of the test area first
As a result, the settlement plates in the northern portion of the main test section (SP-1 and SP-7)
showr a faster response than the other settlement plates. For example, settlement plates SP-1 and
SP-7 show a significant decrease in elevation after only 20 to 25 days. Conversely, settlement
plates SP-3 and SP-9 did not show a significant decrease in elevation until 40 to 50 days after
strip drain installation commenced.

Estimated and Measured Mobility Test Section Settlements

The mobility section was developed to demonstrate that a sz2nd blanket was not required
to support the strip drain equipment. Since the equipment exerted a ground pressure of only 9.7
kPa and was able to operate with little or no difficulty on the dredged material surface, a sand
blanket is not required for firture strip drain installations. A comparison of Figures 29 and 31
provides an insight into the effect of the sand blanket on the consolidation settlement of the
dredged fill and marine clay. It can be seen that settlement plate SP-10 is located at the northem
end of the adjacent mobility section and can be compared with settlement plates SP-1 and SP-7 at
the northern end of the main section Settlement plates SP-1 and SP-7 have settled 2.5 m to 2.3
m, respectively, while settlement plate SP-10 has settled only 1.85 m. Therefore, it may be
concluded that the additional surcharge provided by the sand blanket results in a significant
increase in consolidation settlement (0.45 to 0.65 m). It is anticipated that the additional
consolidation primarily occurred in the dredged fill because of the compressible nature of the
dredged material and the limited extent of the sand blanket.

In summary, the storage capacity lost by the installation of a sand blanket can probably be
recouped by the subsequent consolidation of the underlying dredged fill However, the cost of the
sand blanket and the ability of the strip drain equipment to operate without the sand blanket will
probably precinde the use of a sand blanket throughout the remainder of the placement area.

Figure 32 presents the settlement plate data from the mobility test section using a semi-
logarithmic scale. It can be seen that none of the settlement plates indicate that primary
consolidation has been completed and the measured settlements range from 1.75 to approximately
1.85 m. Table 7 presents the consolidation settlements estimated using the three previousty
described techniques. Tt is anticipated that the mobility test section will settle an average of
approximately 1.7 m (C = 0.58) before 100 percent consolidation is achieved based on the
change in void ratio analysis method. The estimated consolidation settlement ranges from 0.9 to
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2.4 m for values of C_ equal to 0.41 and 0.79, respectively, and the change in void ratic analysis
method. i

The estimated consolidation settlement using the back-calculated value of C  equal to
0.71 and the change in void ratio technique is approximately 2.3 m.

Table 7. Estimates of Consolidation Settlement of Mobility Test Section

Ce =058 Ce=136
Analysis Method Settlement (m) Sattlsment (m)
Instentznecns Placement 1.4 3.6
Sy/ Gp' =0.26 Analysis 0.9 2.1
Change in Void Ratio 1.7 3.6

In summary, the mobility test section will probably settle between 2.1 and 2.3 m, which
indicates that this section will undergo some additional settlement. A final conclusion on the
accuracy of the estimated settlement will probably not be known becanse new dredged material
was pumped into the north compartment during the 1995 summer and fall months. However, it
can be assumed that the north compartment will settle between 2.1 to 2.3 m without a sand
blanket after strip drains are installed.  This information can be used along with the performance
of the strip draips that are to be installed in the perimeter dikes, to determine whether strip drains
should be installed in the placement area, the perimeter dikes, or both to extend the service hife of
the CIDMMA.

Time Rate of Consolidation

A strip drain spacing of 2.2 m should have resulted in 90% consolidation in twelve to
thirteen months based on the strip drain design parameters in Table 4. Since the consolidation
settlement was still occurring 25 months after drain installation, one or more of the design
parameters does not model the field conditions. Several possible explanations for this discrepancy
are:

1.) The Amerdrain 407, which was substituted for the specified Amerdrain 410 (see Part
3), did not exhibit a field discharge capacity of greater than or equal to 8.5 m’/day. Ltis
recommended that at least one strip drain be excavated from the test section and tested
in a special triaxial apparatus at the Waterways Experiment Station to measure the
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discharge capacity. This information will zid interpretation of the test section results
and quantify the field performance of the less expensive Amerdrain 407 for future ;
projects.

2.) The mandrel insertion created a larger smear zone. It should be noted again that the
cross-sectional area of the strip drain and mandrel are 6.0E-04 m® and 6.5E-03 m’,
respectively. The ratio of smear zone diameter (d) to strip drain diameter (d.) usually
varies from 1.6 to 4.0. For design purposes this ratio was assumed to be 2.0.
Piezocone dissipation tests can be conducted radially from several strip drains to
measure the changes in hydraulic conductivity radially from the drain. This information
will clarify the dy/d ratio mobilized in the field, aid interpretation of the test section
results, and provide information for firture projects that will likely involve this
equipment.

3.) The strip drain is not acting as doubly drained. This could be caused by the drain not
being anchored into the underlying sand or the large carth pressure at a depth of
approximately 50 m significantly reducing the discharge capacity of the drain. Ifthe
drain is not doubly drained, the time required for 90% consolidation will approximately
quadruple. If so, at least three to four years would be required to achieve 90%
consolidation.

4.) The horizontal coefficient of consolidation is lower than 1.16E-02 m*/day. This could
be caused by a larger smear zone and/or variability in the field piezometer data,
oedometer test resuits in the Design Memorandums, or the empirical correlation
presented in the Navy Design Mammal DM-7.1 (U.S. Navy 1932).

Figure 33 presents the measured and estimated consolidation settlement versus time for
the main test section. The estimated relationships were obtained using the design parameters in
Table 4 and the strip drain theory presented in Figure 11. The range in time rate of settlement
was estimated using the degres of consolidation calculated using the procedure in Figure 11 and
the final consolidation settlements (1.5 and 3.0 m) that correspond to C; equal to 0.41 and 0.79,
respectively. The measured settlements correspond to settlement plate SP-3, which is located at
the center of the main test section. It was decided that the center of the main test section and the
accompanying measured settlements (Figure 29) are representative of the time rate of
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consolidation of the main test section, and were thus compared to the estimated rates of
consolidation. ;

It can be seen in Figure 33 that the estimated time rates of settlement are not in agreement
with the measured values. This was expected because the strip drain spacing of 2.2 m was
designed to achieve 90 percent consolidation in twelve to thirteen months and the test section was
still settling 25 months after strip drain installation.

Figure 34 presents the measured and estimated consolidation settlement versus time for
the mobility test section. The estimated relationships were obtained using the design parameters in
Table 4 and the strip drain theory presented in Figure 11. The measured settlements correspond
to settlement plate SP-11, which is located at the center of the mobility test section It can be
seen that the estimated time rates of settlement are also not in agreement with the measured
values in the mobility test section.

The measured time rate of settlements in Figures 33 and 34 were usad to back-calculate
strip drain design parameters to aid future time rate of consolidation predictions. Figure 11 shows
that the degres of consolidation for radial flow (Equation 5) depends on 2 number of parameters.
A parametric study revealed that the degree of consolidation is significantly influenced by the
value of C,. As a result, the parameters in Table 4 were used to back-calculate the mobilized or
field value of Cp, using the theory in Figure 11. A mobilized value of Cp, equal to 1.3E-03 m'/day
was calculated. This value is significantly lower than the design value of 1. 1E-02 m/day (Table <
4). This helps to explain why the test section did not reach 100 percent consolidation after twelve
to thirteen months as designed.

Tn summary, it is recommended that a value of Cp, equal to 1.3E-03 m7/day be used for
future strip drzin design at the CIDMMA. However, it should be noted that this mobilized value
of Cp, reflects uncertainties in all of the design parameters in Table 4. In particular, this lower
value of Cp, probably reflects a mumber of uncertainties inchuding drain discharge capacity, single
versus double drainage, and extent of the smear zone. Therefore, this mobilized value of Cp
represents the mobilized value for the strip drain equipment, installation procedure, and type of
drain used in this test section. Ifthe same or similar equipment, installation procedure, and strip
drain are used, this value of Cp, can be used for design purposes.

Excess Pore-Water Pressures
Figure 35 presents typical piezometric readings for the piezometers installed in the test

section. Table § provides detailed information of the depth of each piezometer. Figure 35
presents the measurements from the piezometer cluster located at the center of the main test
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section (P-5). The y-axis indicates the elevation of the water above the piezometer tip. For
example, P5-80, with a tip elevation of -16.6 m and a reading of 8.2, exhibits a water height above
the piezometer tip of 248 m.

Table 8. Detailed Piezometer Information

Typeof Groand Pieznmetar
Fiezometer Fiezometer Elevation (m) Elevation {m)
P5-40 Pnepmatic +7.3 4.4
F3-80 Poeumatic +7.3 -16.5
QP-110 Open-pipe +9.1 25.7
OP-140 Cpen-pipe +9.1 -34.5

It can be seen from Figure 335 that the pneumatic piezometers do not show a significant
decrease in pore-water pressure that reflects the measured consolidation settlements. The open
standpipe at 2 depth of 43.9 m shows a sharp decrease in hydraulic head in February, 1994. This
open-pipe is located near the surface of the underlying dense sand and probably reflects the high
hydraulic conductivity of the dense sand  The open-pipe at a depth of 34.8 m shows a more
gradual decline in hydraulic head with time, which may reflect some of the observed
consolidation.

The piezometer data, In general, does not correspond to the measured consolidation
settlements. This trend has been noted by other researchers including (Hzansbo et al. 1932).
Hansbo et al. (1982) also showed that an increase in undrained shear strength was observed m
several case histories with a negligible change in excess pore-water pressure. Mesri and Choi
(1979) showed that when the effective vertical stress approaches the preconsolidation pressure,
settlement contimes at a nearly constant value of excess pore-water pressure. In other words,
near the preconsolidation pressure settlement takes place at an almost constant value of effective
vertical stress with a significant amount of excess pore-water pressure still remaining in the clay.
The dredged material and marine clay are under- or normally-consolidated so the effective vertical
stress is the preconsolidation pressure. This is probably the cause of the small decrease observed
in the piezometric data

Based on these results and the data presented by Mesri and Choi (1979), it is
recommended that subsequent strip drain test sections in dredged material and normally
consolidated clay rely more on settlement plate measurements, settlement points with depth,
changes in water content or void ratio, and/or changes in cone penetration resistance than on
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piezometers to evaluate the effectiveness of strip drains. However, the cone penetrometer must
be able to measure small changes in tip resistance to illustrate small increases in tip resistapce.

Undrained Shear Strength

The undrained shear sirength profile at 100 percent consolidation was estimated using an
undrained strength ratio of 0.25 to 0.27. The current and estimated final values of Sy are
presented in Figure 20. It can be seen that a substantial increase (83 to 90 percent) in Sy, is
predicted for portions of the marine clay. '

A smaller increase is estimated for the dredged fill because this soil is not significantly
under-consolidated. The presence of sand and silt seams in the dredged fill has allowed the excess
pore-water pressures induced by self~weight consolidation to dissipate. As a result, there
probably will not be a large increase in 8;; in the dredged fill after strip drain installation. Cone
penetration and field vane shear tests should be conducted in the near firture to determine the
increase in S,; in the dredged fill and marine clay. Again, the cone penetrometer should be zble to
measure small changes in tip resistance to demonstrate small increases in undrained shear
strength.

Post Consolidation Subsurface Investigation

Cone and piezocone penetration tests should be conducted within 6 m of the previous
cone penetration test locations. In addition, 2 boring should be drilled within 6 m of the previous
barehole to measure the new water content and profiles. The change in water content and
penetration resistance will be related to the increase in S;; and the magnitude of settlement.
Quantifying the magnitude of settlement and the increase in S, will 2id in determining whether
installing strip drains in the three compartments of Craney Island is economically feasible.
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5 SUMMARY

A 183 m by 122 m vertical strip drain test section was completed in February, 1993 in the
north compartment of the Craney Island Dredged Material Management Area. The test section
was constructed to evaluate the effectiveness of prefabricated strip drains in consolidating the
dredged fill and underlying marine clay, and thus increasing the storage capacity of the facility.
The feasibility of installing strip drains was questionable since drains had never been installed in an
active dredged material management area, a drain length of approximately 50 m was close to the
longest drain ever installed, and the installation equipment had to operate directly on the surface
of the soft dredged material.

It is anticipated that the strip drains will continue to function as additional dredged
material is placed in the management area, and thus increase storage capacity in the future.
Consolidation of the dredged fill and marine clay will also cause a large increase in soil shear
strength. A supplemental study by the Principal Investigator will investigate the use of strip drains
beneath exterior perimeter dikes to improve stability conditions. However, rip-rap and debris,
long settled and submerged in the perimeter dikes, may restrict or prohibit installation of strip
drains.

The subsurface investigation conducted prior to strip drain installation revealed that large
excess pore-water pressures exist in the marine clay. The excess pore-water pressures in the
dredged fill are smaller than the marine clay. The sand and silt seams in the dredged fill, identified
from cone penetration test results, probably dissipate the excess pore-water pressures induced by
the self-weight consolidation of the dredged fill. As a result, the large consolidation-settlements
that occurred at the test section are primarily attributed to consolidation of the marine clay.

In the main test section a sand working pad was constructed while no sand pad was
constructed in the mobility test area. The main objective of the mobility test section was to
determine if the installation equipment could operate directly on the soft dredged material. The
pontoon mounted equipment was successful and efficient in operating in the mobility section.
This significantly reduced the cost of vertical strip drains installed under a subsequent contract.
Comparison of the settlements in the mobility and main test sections revealed that the sand
blanket caused an increase in settlement by surcharging the dredged material. Therefore,
surcharging confined dredged material can lead to substantial consolidation and increased in
storage capacity. However, the cost of the sand blanket and the ability of the equipment to
operate without the sand blanket will probably preclude the use of a sand blanket for future strip
drain installations in the placement area.
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Settlement plates installed in the main test section have settled approximately 23 t0 2.7 m
in 25 months. The mobility test section has settled 1.75 to 1.85 m in 25 months. These
consolidation settlements are in agreement with the estimated values. The measured seuléments
were also used to estimate mobilized or field values of C and Cj. These mobilized values (C. =
0.71 and C, = 1.3E-03 m?/day) should be used to design firture strip drzin installations at the
CIDMMA that utilize similar equipment, installation procedure, and strip drain.

In summary, the Craney Island test section showed that strip drains are an effective
technique for increasing the storage capacity, and thus service life, of confined dredged material
management areas. This technique appears to be applicable to many management areas around
the country.
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A 183 m by 122 m vertical strip drain test section was completed in February,

1993 in the north compartment of the Craney Island Dredged Material Management
Area. The test section was constructed to evaluate the effectiveness of prefabricated
strip drains in consolidating the dredged fill and underlying foundation clay, and thus
increasing the storage capacity of the facility. The feasibility of installing strip drains
was questionable since drains had never been installed in an aclive dredged material
management area, a drain length of approximately 50 m was close to the longest drain
ever installed, and the installation equipment had to operate directly on the surface of
the soft dredged material. It is anticipated that the strip drains will continue to function
as additional dredged material is placed in the management area, and thus increase
storage capacity in the future. A supplemental study by the Principal Investigator will
address the use of strip drains beneath exterior perimeter dikes to improve existing
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stability conditions. Preliminary results show that the dredged fill and foundation clay
are undergoing substantial (1.8 to 2.5 m in 25 meonths) consolidation settlement. In
summary, prefabricated strip drains appear to be an economical technique for
increasing the storage capacity of dredged material management areas.
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